Introduction
The cell suicide program termed apoptosis removes damaged, infected and superfluous cells. In most circumstances, a cell's decision whether to live or die rests largely with the Bcl-2 family of interacting proteins [1 ,2 ] . In mammalian cells, its pro-survival members (Bcl-2, Bcl-x L , Bcl-w, Mcl-1 and A1) oppose two proapoptotic groups: the Bax group and the BH3-only proteins. Members of the Bax group (Bax, Bak and Bok) are structurally similar to Bcl-2 and bear three 'BH' (Bcl-2 homology) domains, whereas the BH3-only proteins, which include Bim, Bad, Bid, Bik, Bmf, Puma, Noxa and Hrk, share only the BH3 interaction domain. The BH3-only proteins monitor cellular wellbeing and, when activated by cytotoxic signals, engage pro-survival relatives by inserting the BH3 domain, an amphipathic a helix, into a hydrophobic groove on their surface. This primes the cell for apoptosis, but commitment also requires activation of Bax or Bak [3, 4] . Once activated, Bax and Bak form oligomers in intracellular membranes, including the mitochondrial outer membrane. The resulting membrane permeabilization releases pro-apoptotic proteins, such as cytochrome c, that provoke activation of the caspases mediating cell demolition [5] .
As reviewed previously [1 ,2 ,6-8,9
,10], the BH3-only proteins participate in vital biological processes, and their absence contributes to autoimmunity and neoplasia. Here we review recent advances on their regulation and biological roles. Pertinent to cancer therapy, it has become evident that various BH3-only proteins mediate the cytotoxic responses elicited by chemotherapeutic agents, and there is exciting progress towards creating 'BH3 mimetics' as novel anti-cancer agents [11 ,12 ]. The recent discovery of selective association of BH3-only proteins with certain pro-survival relatives has delineated functional subclasses of the pro-survival proteins [13 ,14 ] . A new function for BH3-only proteins has emerged with discoveries that Noxa [14 ] and the novel BH3-bearing ubiquitin ligase Mule/ARF-BP1 [15 ] promote Mcl-1 degradation. Finally, we address the vexed issue of whether BH3-only proteins trigger activation of Bax and Bak directly [16, 17 ,18 ] or whether they do so indirectly by inactivating the pro-survival family members that guard Bax and Bak [14 ] .
BH3-only proteins provide fine control over apoptotic responses
The multiplicity and complex regulation of mammalian BH3-only proteins allows exquisite control over apoptosis. Studies with cells from knockout mice indicate that one or a few BH3-only proteins have a dominant role in the responses to diverse cytotoxic stimuli (Figure 1 ). They mediate death induced not only by physiological stimuli such as cytokine deprivation or detachment from the cell matrix (a type of cell death termed anoikis) but also by the signals induced by activated oncogenes, DNA damage, chemotherapy drugs and g-irradiation. Bim and Puma have the most prominent roles (Figure 1 ), probably because each antagonizes all the pro-survival proteins (see below). Loss of Bim renders lymphocytes refractory to paclitaxel (Taxol), ionomycin and cytokine deprivation [19] . Loss of Puma, unlike Bim, does not provoke cell accumulation during hematopoiesis, but T cells are rendered resistant to phorbol ester (PMA), g-irradiation, etoposide and cytokine deprivation [20 ,21 ] and the developing central nervous system is refractory to girradiation [21 ] . Moreover, Noxa-deficient transformed fibroblasts are partially resistant to DNA-damage-induced apoptosis [20 ,22] and Bad-deficient mammary epithelial cells show some resistance to withdrawal of epidermal growth factor [23] . The redundancy of BH3-only function (Figure 1 ) probably conceals much wider roles.
Diverse modes of regulation
To avoid unwarranted cell death, BH3-only proteins are restrained by multiple mechanisms [1 ,2 ,7] . Hrk/DP5, Bim, Puma and Noxa are subject to transcriptional control. As reviewed elsewhere [1 ,2
,7], post-transcriptional constraints include sequestration of phosphorylated Bad by 14-3-3 proteins and production of Bid as a largely inert protein requiring cleavage by, for example, caspase-8 to generate the active truncated product, tBid (Figure 1 ). In some cell types, both Bim and Bmf seem to monitor cytoskeletal integrity, Bim being sequestered to microtubule complexes [24] and Bmf to the myosin V motor complex by different dynein light chains [25] . UV-irradiation induces release of both Bim and Bmf by a process that may involve their phosphorylation [26] . Interestingly, Bim but not Bmf is released following paclitaxel treatment, which affects the microtubules, whereas anoikis frees Bmf [25] . In some cells, Bim contributes to anoikis [27] . Its regulation seems to vary with cell type, because much of the Bim in viable hematopoietic cells is associated not with microtubules but with Bcl-2-like proteins on mitochondria [28, 29] .
Several BH3-only proteins, including Bim, Bad, Bmf and Bik, are phosphorylated, but precisely how this regulates their activity is incompletely understood. Bim phosphorylation has been reviewed recently [30] . Survival signals such as phorbol ester or growth factors provoke Erk1/2 to phosphorylate Bim on one or more serines (including Ser 55, 65 and 100), inducing its degradation via the proteasome [29, 31, 32] . However, Bim may also be phosphorylated on Ser 65 by JNK following growth factor withdrawal in certain neurons, and this may enhance apoptosis [33] . Intriguingly, following growth factor withdrawal in osteoclasts, Bim ubiquitination is reduced, leading to increased Bim levels and cell death [34] .
BH3-only proteins selectively engage Bcl-2 pro-survival proteins
The interaction of BH3-only proteins with pro-survival relatives has been most clearly visualized in the highresolution 3D structure of a Bim BH3 fragment bound to Bcl-x L [35 ] . Four hydrophobic pockets in the Bcl-x L groove accommodate the four conserved hydrophobic BH3 residues on one face of the BH3 ligand, whereas hydrophilic residues along the groove make salt bridges with the hydrophilic face of the BH3. Since the bound Bim BH3 a helix spanned at least 29 residues, with extensive groove contacts, the interaction surface may comprise 30 residues, although the BH3 core is only 12-16 residues long [35 ] . The homologous complex of C. elegans EGL-1 and CED-9 yielded similar conclusions [36] .
Systematic study of the binding of BH3-only proteins to Bcl-2 pro-survival proteins has revealed that only certain pairs associate inside cells [13 ] . Bim and Puma bind all five pro-survival proteins, as does tBid (L Chen and DCS Huang, personal communication), but other BH3-only proteins exhibit marked selectivity (Figure 2 ). Most , while a single substitution allowed the Bad BH3 to bind all the pro-survival proteins [37] . Determining the basis of selectivity will aid development of BH3 mimetics that target selected pro-survival proteins (see below).
Efficient apoptosis requires neutralization of two subsets of pro-survival proteins
The selectivity of BH3-only proteins for their pro-survival counterparts markedly affects their ability to kill cells (Figure 2 ). Bim and Puma, which target all pro-survival proteins, are more potent killers than BH3-only proteins that target only a subset [13 ] . The complementary binding profiles of Bad and Noxa (X) suggests that apoptosis might require neutralization of two classes of Bcl-2 pro-survival proteins, one comprising Bcl-2, Bcl-x L and Bcl-w and the other Mcl-1 and A-1. Notably, whereas Bad and Noxa alone are weak killers, their combined action, effectively neutralizing Bcl-2, Bcl-x L , Bcl-w and Mcl-1 (Figure 2 ), potently induces apoptosis [13 ] .
Mcl-1 and Bcl-x L sequester Bak in healthy cells
Analysis of Bak regulation revealed why efficient killing requires neutralization of two classes of pro-survival pro-
Mcl-1 had been implicated in Bak regulation by its formation of complexes with Bak [38 ] and its degradation early in apoptosis [39 ] . However, targeting Mcl-1 via either RNAi [39 ] or Noxa overexpression failed to kill cells [13 ] , implicating additional pro-survival relatives. Indeed, in healthy cells Bak was bound by both Mcl-1 and Bcl-x L (Figure 3 ) but, significantly, not by Bcl-2, Bcl-w or A1 [14 ] . Thus, Bak interacted with one member from each of the two inferred pro-survival Bcl-2 classes [13 ] . The interactions required the Bak BH3 domain, which also proved necessary for Bak dimerization and killing activity [14 ] . While Noxa displaced Bak from Mcl-1, Bak-mediated killing also required its displacement from Bcl-x L by another BH3-only protein, such as Bad [14 ] . These findings suggest that Bak is restrained solely by Mcl-1 and Bcl-x L and induces apoptosis if, and only if, freed from both ( Figure 3) . Thus, the BH3-only proteins may activate Bak simply by freeing it from the pro-survival proteins designed to guard it.
Whether Bax is similarly regulated is uncertain, because in healthy cells Bax is largely a monomeric cytosolic protein whereas Bak resides in complexes on intracellular membranes [1 ,2 ] . Their virtually equivalent function, however, argues for some similarity in regulation. Pertinently, in some detergents, Bax binds via its BH3 domain to various pro-survival relatives. One might speculate that the small proportion of Bax molecules associated with intracellular membranes in healthy cells represents an active conformer with its BH3 domain exposed. If so, certain Bcl-2 pro-survival proteins might sequester this conformer, as proposed for Bak . However, Mcl-1 poly-ubiquitination can be catalyzed by the novel E3 ubiquitin ligase Mule/ARF-BP1, which also specifically binds Mcl-1 via a Bak-like BH3 domain [15 ] . Hence, there may be two routes to Mcl-1 degradation, with the Noxa-induced degradation involving another ubiquitin ligase, presumably one lacking a BH3 domain. The respective roles of Noxa and Mule in the constitutive turnover of Mcl-1 and its induced degradation during apoptosis remain to be established.
Models for the activation of Bak and Bax
Although BH3-only proteins require either Bax or Bak for cell killing [3, 4] , it remains unresolved whether they control the activation of Bax and Bak directly or indirectly [10] .
The structural similarity of Bax to pro-survival proteins [35 ,40] has encouraged the view that certain BH3-only proteins directly engage Bax. Letai et al. [16] proposed that BH3-only proteins comprised both 'sensitisers', BH3-only proteins bind promiscuously or selectively to Bcl-2 prosurvival proteins. BH3-only proteins such as Bim, Puma and tBid engage all Bcl-2 pro-survival proteins and thus are potent killers. All other BH3-only proteins bind selectively to subsets of the Bcl-2 pro-survival proteins and hence are weaker killers [13 ] .
which only inactivate the pro-survival proteins, and 'activators', which directly engage Bax and Bak. In this model (Figure 4a) [42] . The dephosphorylation of Bim EL provoked by cytokine deprivation was reported to allow it to bind Bax [29] , but no association of the endogenous proteins was detected in dying cells [28] . Earlier, the absence of tBid in oligomeric Bax complexes led to the suggestion that tBid binds in a 'hit-and-run' fashion [43] .
Intriguingly, both a Bid and a Puma BH3 peptide were reported recently to engage Bax by its N-terminal a helix rather than binding to its hydrophobic groove [17 ] . Hence, Bid and Puma might open the N-terminal moiety of Bax, a step in Bax translocation to intracellular membranes, although the structural similarity of Bcl-x L and Bax [35 ,40] is difficult to reconcile with a BH3 domain binding to them in such different ways. brane-bound Bax molecules must adopt a BH3-exposed 'ligand' conformation that can be bound by Bcl-2 prosurvival proteins. When BH3-only proteins displace this conformer from all relevant pro-survival guards, the active Bax could nucleate oligomerization (Figure 4b ). Thus, in this displacement model (Figure 4b) , death is the default, whereas survival is the default in the direct binding model (Figure 4a) [18 ].
Since most data pertinent to the direct model has involved Bax and most evidence pertinent to the indirect model has involved Bak, it remains conceivable that the direct model holds for Bax and the indirect model for Bak.
Physiological and pathological functions of BH3-only proteins
As reviewed further elsewhere [9 ], gene disruption is clarifying the physiological functions of BH3-only proteins. Bim-deficient mice have been particularly informative. They revealed that Bim is critical for removing superfluous hematopoietic cells, for apoptosis induced by cytokine deprivation and for prevention of autoimmunity [19] . Bim is crucial not only for eliminating lymphocytes that recognize self-antigens, during the development of both T cells [45] and B cells [46] , but also for terminating T cell immune responses [47, 48] . Furthermore, the lymphopenia provoked by loss of the Interleukin-7 receptor is alleviated by loss of Bim [49] . Bim also ensures the death of granulocytes [50] , osteoclasts [34] , mast cells [51] and neurons [52, 53] upon cytokine deprivation.
Tissue homeostasis seems to be regulated by the balance between BH3-only proteins and their pro-survival relatives. In a striking illustration of this concept, loss of a single bim allele precluded the degenerative fatal polycystic kidney disease provoked in mice by loss of the bcl-2 gene and restored lymphocyte numbers [54] .
Intracellular pathogens often subvert the host apoptotic program, because it limits their spread. Remarkably, Chlamydia, a bacterial parasite of macrophages, blocks apoptosis by targeting every tested BH3-only protein for proteasomal degradation [55, 56] . Presumably a chlamydial gene product can bind BH3 domains and route the proteins to the proteasome.
Roles of BH3-only proteins in tumorigenesis
The apoptosis provoked by DNA damage requires p53 and is considered central to p53 tumor suppression function [57] . Two of its transcriptional targets encode Puma and Noxa, which appear to mediate its apoptotic function. Indeed, Puma-deficient lymphocytes proved nearly as refractory to DNA damage as those lacking p53 [20 , 21 ] whereas Noxa has a more restricted role in fibroblasts [20 ,22] . Interestingly, the expression of Noxa, Puma, Bim and Hrk/DP5 is also directly upregulated by the transcription factor E2F1, which is normally constrained by the tumor suppressor pRB but is deregulated in many tumors [58] . Since the apoptosis elicited by E2F1 was reduced by downregulation of Puma or Noxa, their increased expression may represent a barrier to tumorigenesis. Pertinently, Puma expression is markedly reduced during melanoma progression [59] .
Just as Bcl-2 and its homologs are well-recognized oncoproteins [1 ,60] , their BH3-only antagonists can act as tumor suppressors. Notably, leukemogenesis in Em-myc transgenic mice was accelerated by loss of even a single bim allele [61 ] . Bim may suppress leukemia by mediating Myc-induced apoptosis, as over-expressed Myc reduced levels of Bcl-x L and Bcl-2 while elevating those of Bim [6] . Thus, Bim deficiency may promote oncogenesis by favoring cell survival in the face of active oncogenes. Pertinently, 17% of human mantle cell lymphomas display homozygous deletions of the human BIM locus [62] . Other BH3-only proteins may also restrain neoplasia in specific cell types. RNAi to Puma accelerated Em-mycdriven lymphomagenesis [63] . Moreover, some aged Baddeficient mice develop diffuse large B cell lymphoma [23] and some Bid-deficient animals succumb late in life to a chronic myeloproliferative syndrome that resembles chronic myelomonocytic leukaemia [64] .
Implications of BH3-only proteins for cytotoxic therapy
Many anti-cancer agents act through specific BH3-only proteins (Figure 1 ). For example, histone deacetylase (HDAC) inhibitors, which are showing promise in killing cancer cells, may act by upregulating bmf transcription [65] . Similarly, proteasome inhibitors like bortezomib (Velcade), now in several clinical trials, appear to work by upregulating various BH3-only proteins [66 ,67-69] . Thus, bortezomib kills melanoma cells but, surprisingly, not normal melanocytes, and acts in part by inducing Noxa expression in a p53-independent fashion [68, 69] . Furthermore, the apoptosis of chronic myeloid leukemia cells elicited by the kinase inhibitor Gleevec (imatinib mesylate) relies in part on Bim [70] .
A recent study illustrates how an improved understanding of apoptotic regulation will impact on future treatment [66 ] . The sensitivity of carcinoma cells to paclitaxel required Bim, but an activated Ras oncogene rendered the cells refractory to paclitaxel by targeting Bim for proteasomal degradation. Nevertheless, Bim levels and paclitaxel sensitivity were both restored by bortezomib. These results provide a rationale for combining paclitaxel and bortezomib in therapy, particularly in tumors with an activated Ras or Raf [66 ] . Similarly, in the killing of some human cancer cell lines, bortezomib exhibits synergy with TRAIL, a ligand for certain death receptors, apparently because of its ability to increase levels of Bik and/or Bim [67] . Thus, the highly empirical combination chemotherapy may soon have a more rational foundation.
The promise of BH3 mimetic anti-cancer drugs
The appeal of BH3 mimetics as a new class of anti-cancer agent [71] is that most tumors have defects in the p53 pathway, precluding induction of the BH3-only proteins Noxa and Puma, and many over-express Bcl-2. A drug that directly targeted pro-survival proteins might therefore be effective. Two approaches to the creation of BH3 mimetics are now showing promise.
One approach uses a modified BH3 peptide [11 ] . A 24-mer Bid BH3 peptide, constrained by 'hydrocarbon stapling' between two residues on one face of the a helix to maintain its helicity, proved to be protease-resistant and unexpectedly cell-permeant. It potently induced apoptosis in Jurkat T leukemia cells, whereas a peptide with a point mutation that abolished Bcl-xL association was inert. In vivo, the constrained Bid peptide transiently suppressed the growth of a transplanted leukemia [11 ] . Although the decrease in tumor burden was modest, this approach may have potential for the development of novel anti-tumor agents.
The second approach involves non-peptidic organic compounds designed to fit into the groove of a pro-survival protein 
Conclusions
As the BH3-only proteins have now been implicated in many cytotoxic responses (Figure 1) , we surmise that nearly all such signals are funneled through one or more of them. The discovery that Bim, Puma and tBid engage all the pro-survival proteins but that the other death ligands engage only subsets (Figure 2 ) is helping to resolve how these death ligands flip the apoptotic switch. In the activation of Bak, the BH3-only proteins appear to act indirectly by displacing Bak from its sole guards, Mcl-1 and Bcl-x L (Figure 3) . Whether the death ligands activate Bax by directly binding (Figure 4a ) or indirectly by displacing it from pro-survival guards (Figure 4b ) remains unresolved. Nevertheless, a deeper understanding of how the three factions of the Bcl-2 family interact to control cell death is now emerging. That knowledge is galvanizing the development of BH3 mimetics as a novel approach to cancer therapy.
Update
A non-apoptotic role has now been ascribed to full-length Bid [72, 73] , and Puma reportedly linked to a putative apoptotic role for cytoplasmic p53 [74] .
Intact Bid is thought to be largely inert, but two studies now suggest that it has a non-apoptotic role in the DNA damage response [72, 73] . Both conclude that, upon DNA damage, Bid is phosphorylated by the ATM kinase and is needed for S-phase growth arrest. This role does not require its BH3 domain and promotes cell survival, but, paradoxically, one of the studies [73] also reports that Bid contributes to apoptosis after DNA damage.
A conundrum regarding the apoptotic activity of p53 is that its transcriptional target Puma is required for almost all the apoptotic response of lymphocytes to DNA damage [20 ,21 ], yet some studies have argued that p53 can also directly activate apoptosis from the cytoplasm by engaging either Bcl-2 and Bcl-x L [75] or Bax [76] . To address this conundrum, the new report [74] suggests a complex model: cytoplasmic p53 is sequestered by Bcl-x L until Puma, but not other BH3-only proteins, engages Bcl-x L and releases p53, presumably allowing the freed p53 to engage and activate Bax. Surprisingly, Puma is reported to be unable to kill cells that lack either Bcl-x L or p53 [74] . This conclusion seems at variance, however, with the ability of Puma to kill fibroblasts that lack Bcl-x L or active p53 
